A study of the literature on permeability and water transfer through cells mad tissues reveals an apparent paucity of quantitative data on water transfer in relation to ageing, yet water is one of the most important components of cells at all ages. Goldforb (5) observed that unfertilized eggs of Arbada punctulata aged in sea water manifested a progressive and marked increase in permeability to water. He (6) found also that the increasing permeability to water is associated with increasing viscosity during early and intermediate changes; during the later stages with excess water intake, viscosity is reversed. In studies on bread mold, pollen tubes, eggs, and protozoa, Seifriz (15) observed that young active protoplasm increases its viscosity as it matures and becomes less active. He maintained that the progressive increase in consistency of protoplasm is coincident with a decrease in physiological activity.
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(Received for publication, June 5, 1950) A study of the literature on permeability and water transfer through cells mad tissues reveals an apparent paucity of quantitative data on water transfer in relation to ageing, yet water is one of the most important components of cells at all ages. Goldforb (5) observed that unfertilized eggs of Arbada punctulata aged in sea water manifested a progressive and marked increase in permeability to water. He (6) found also that the increasing permeability to water is associated with increasing viscosity during early and intermediate changes; during the later stages with excess water intake, viscosity is reversed. In studies on bread mold, pollen tubes, eggs, and protozoa, Seifriz (15) observed that young active protoplasm increases its viscosity as it matures and becomes less active. He maintained that the progressive increase in consistency of protoplasm is coincident with a decrease in physiological activity.
Does the protoplasm become more viscous because with ageing there is less water influx through unit surface area, or because water loss from the cell is greater than water gain, or is there comparatively more bound water from chemical activity? If the first were true, then would less water enter the cell with ageing as a result of (a) morphogenetie modification of the water pathways or (b) changes in the "driving forces" within the ceil? Goldforb, however, as stated earlier found that not less but more water enters the ageing Arbacia eggs. His experiments suggest that the driving forces for entry of water change with ageing. In the present investigation marked quantitative differences were found in water entry of comparatively younger and older root-hair cells; less water entered unit surface area of the older hairs in unit time.
Investigations of root-hair cells are essentially cellular studies, since the hairs are projections of individual uninucleate cells. The majority of investigations on root-hair cells deal with the morphology and development of the hairs. Physiologists have found root hairs convenient material for numerous cellular studies, more particularly perhaps, for studies relating to protoplasmic streaming or to micrurgical technique.
An apparatus was devised by the writer (12) and a microtechnique developed to measure quantitatively the entry of water through unit area of root-hair surface. This microtechnique promises to be a useful tool for physiological studies of the transport of solutes and solvents into the individual root-hair cell. Rosene and Walthall (14) made a comparative study of water absorption b y the root-hair ceils of ten different species. I n this investigation it was found that such factors as length of the hair, its age, and the extent o'i the area immersed in the micropotometer were important variables in studies using this microtechnique. Further studies, have shown that in measuring influx per unit area of immersed hair surface, complications arise when growth of the immersed hair takes place during the experiment.
Methods
The apparatus included a micropotometric device which consists in part of a minute glass tube into which the root hair is inserted by a micromanipulator which moves the seedling, and a second glass tube of similar dimensions which serves as a control. Measurements are made of the linear displacement of the menisci in the two micropotometers by using a filar ocular micrometer in a horizontal microscope; volume displacement of fluid within the minute glass tubes is calculated. When no growth occurs it is possible to maintain a constant area of immersion for absorption unless movement of the seedling takes place. Root hairs elongate by modification at the tip, i.e. by apical growth, hence, if growth occurs within the micropotometer, a varying area of immersion is available for absorption. Although the increase in area can be measured, this calculated mean velocity of absorption represents an estimated rate of water entry per unit area during unit time. Farr (4) and Wilson (17) have reported that when roots with hairs which have developed in humid air are immersed, no hair growth nor hair development occurs until some time after immersion. Farr waited until 13 hours after immersion before he started his observations of the effect of various types of solution on hair devdopment and elongation.
Radish (Raphanus sativus) seeds were germinated on wet filter paper in the dark and the young seedling was fastened in an upright position in the movable seedling holder. In some experiments humidified air was passed slowly through the experimental chamber. No difference in rates of water influx could be traced to the flow of humid air.
In most instances, the seedling was placed in the experimental chamber the night preceding each experiment. After insertion of the hair into a micropotometer the preparation was left for 30 to 40 minutes to equilibrate. The micropotometers were filled with Itoagland solution at pH 6.8. To approximate standard conditions, an attempt was made to select hairs which grew at a definite distance from the apex of the root but this was not always feasible because roots grow at variable rates. Similarly, it was not always feasible to select hairs of identical length in different seedlings. In each experiment, after suitable measurements had been made, each hair was inserted into the micropotometer to the extent that its immersed area was 13,200 #2. Micropotometers of identical dimensions were used in all the experiments and in each measurements were made on two hairs of different length and different age on a given root, hence the two hairs had a similar history. Usually, the younger hair was studied ftrst.
R E S U L T S
The curves in Fig. 1 show the time course of water influx through the hair surface of four root-hair cells calculated in cubic microns of water per square micron of immersed hair surface per minute. Each symbol represents the average velocity of water influx during a 10 minute interval. As determined from their length and position on the vertical axis, there was a comparatively small difference in the ages of the "sister" hairs from which the data of the upper pair of curves were obtained and a comparatively large difference in the ages of the hairs corresponding to the lower pair of curves in the figure. These are typical curves. The lower pair of curves show that the older hair, 1614 microns long, absorbed water at a fairly uniform and comparatively lower velocity of water influx~ and that the younger hair, 299 microns long~ manifested a higher and somewhat more variable velocity of water influx throughout the 90 minute observation period. Although the upper curves were obtained from comparatively young hairs (280 and 661 microns long respectively) they show that the rate of water entry through unit surface of the younger and shorter hair was over twice as high as that of the older hair. None of the four hairs grew during immersion.
In different experiments, fluctuations in water influx of comparatively greater variability were noted in younger hairs, particularly when the hairs were less than 500 microns long. Occasionally young hairs showed a drift in the velocity of water influx, increasing with time in one hair, decreasing in another.
A summary of data obtained from a series of experiments of 90 minute duration is presented in Table I 
disparity of length is 5.4 (root a). When this ratio is compared to the ratio Y velocity of the speeds of entry of water, it shows that the older hair was over
O velocity' 5 times longer but water entry through comparable areas of both hairs took place at a velocity 2.7 times faster in the young hair. The smallest O leng_ tth Y length ratio is 2.4 (root k), the corresponding ratio, 2.3 of the velocities, is practically the same. In this instance, the sister hairs were both comparatively short. The highest ratios of velocities in the table were found in the pairs of hairs of roots g and h. These ratios represent estimations based upon growth and hence varying areas of the younger hairs. With one exception (root g) the slowest velocity of 0.49ta'/u2/min. was noted in the longest hair which was 2300 microns in length. The fastest velocity, 4.46us/#2/min., in this series of experiments was found in the shortest hair, 280 microns in length (root k). The table shows that hairs of similar length in roots of varying length have somewhat different velocities of water influx. Some seedlings grow faster than others; the same holds true for hairs. But the data indicate that water entry slows down in older hairs as they increase in length, independent of root length. It appears, however, that the ratio of velocities of a pair of younger and older hairs of the same root is not inversely proportional to the ratios of the lengths of the older and younger hairs when ratios of different roots are compared. It seems that perhaps there is a "grand period of water entry" comparable to, and perhaps coincidental with the grand period of growth of radish root hairs reported by Jeffs (8) but more data are needed to establish this. Higher maximum velocities than those given in Table I have been obtained in another series of experiments with young radish toot hairs to be reported later.
The diameters of the hairs of the same and d different radish roots are uniform, hence with the same area of ~mmersion a comparatively smaller portion of the total length of the longer hairs was inserted into the micropotometers. Rosene (12) obtained evidence that the velocity d water entry at the tip d the radish root hair (the hairs studied were over 800 microns long) was greater than in regions more remote. According to this, the mean velocities of the hairs in Table I represent maximal regional velocities of the individual hairs, par-ticularly in the longer hairs. Taking these factors into consideration, estimations were made of the times to replace hair volume based upon the mean velockies of water influx of the immersed areas of the hairs as given in Table I . The data which are presented in Table II indicate that under the particular conditions of these experiments, the time for the radish root hairs to absorb an amount of water equivalent to their own volumes is a matter of minutes or less; the range was 0.90 to 8.51 minutes.
Since the hairs are uniform in diameter, the ratios of the volumes (Table  II) of each pair of younger and older hairs would correspond to the ratios of their lengths given in Table I . And since the calculations of the times to absorb an amount of water equivalent to hair volume were based upon the mean veloci-( Time to replace volume of older hair ties of Table I , their ratios \i'e" Time to replace volume of younger hair] for each pair of hairs would be the reciprocal of the ratios of the velocities in Table II . DISCUSSION Since the diameters of the cylindrical root hairs are uniform the "gateway" openings between the hairs and the other root cells have the same dimensions for all the hairs, other factors being equal. If the area of the "gateway" serves as a "bottleneck" to the speed of entry of water from the hair to the root cells, then an inverse proportionality between the speed of water influx through unit hair surface and hair length would be expected, the speed becoming progressively less with increasing length. But no such proportionality was observed in this study. It remains to be determined whether or not it might be found if an extensive study were made of all the hairs of a single root.
The histochemistry of the cell walls with ageing of radish root hairs has been studied by Cormack (2, and personal communications). He found that the cell wall of the hairs of radish, in common with the hairs of other species has a cellulose and a pectic layer continuous with corresponding layers in the epidermal cell. He has observed that the cellulose layer is always present in the young growing hair, even at the initial stage and that the older hairs have a comparatively thicker layer of cellulose along the sides of the hair and over its tip. The cellulose layer at the tip of all the hairs is comparatively thinner and more readily hydrolyzed by acids. The outer layer of pectic substance is more variable; there appear to be "softer and firmer" types of calcium pectate. In young hairs the tip may consist of pectic acid while proximal to the tip there is a progressive hardening of the outer layer to a firmer type of calcium pectate; in the older hair, there is a firmer type of calcium pectate at the tip also. Cormack believes that it is the pectic layer and the rate at which it becomes calcified behind the growing tip that determine the cylindrical shape of the hair. Roberts (11), Howe (7), and McCoy (10) also have reported the pres-ence of calcium pectate in root-hair walls. McCoy found that nodule bacteria invariably attack the tip of a root hair; a fact which may be related to some preexisting physical difference at that point. These facts show that with ageing there evidently is some modification in the pathway of water transfer from the hair to the root. The significance of this modification in relation to water transfer requires further study before conclusions can be drawn. The insoluble pectic substance of the middle lamella of plant tissues is said to be composed of calcium pectate and to be more rigid in older tissues. As mentioned earlier, evidence has been obtained by the writer which shows that the speed of water entry into radish hairs is comparatively faster at the tip, but no study was made of this characteristic in relation to ageing of the hairs. In relation to hair length, the velocities in Table I for the longer hairs are maximal inasmuch as only the tips of the hairs were inserted into the micropotometers. The time factors of Table II for older hairs are therefore relatively high for the given hairs under the specified conditions.
Under other conditions, particularly if the shoot were exposed to conditions of high transpiration and the root to an atmosphere of high humidity, the hairs might serve as wicks for more rapid intake of water. It is not known whether or not water deficits due to growth were present in the seedling or whether they might vary in hairs of different age. Differences in water deficits of the hairs would be expected to bring about variations in the speed of entry, other factors being equal. The endodermis of the root presumably acts as a limiting factor in the transfer of water from the epidermal cells to the conductive vessels, especially when lignilication has taken place. The endodermis in radish roots is present in the meristematic tissue near the apex (16) . In the majority of hairbearing roots, the hairs develop in the region of the root whcre the xylem elemcnts become functional. In general, with progressive elongation, the hairs collapse and slough off. Are there any special relations between the close proximity of the growing hairs to the growing tip of the root, the development of the hairs in the region where xylem elements become functional, and the comparatively high velocities of water influx through unit hair surface? Is there some special relation between the relatively short life span of the hairs and the lower velocities of water influx with ageing of the hairs? These questions can be answered only by further study.
Since the time of the early microscopists, when Malpighi first described root hairs and concluded that they served as "absorbing organs," there has been much debate concerning their relative importance as "absorbing organs." Comparable data for other plant cells are meager. Unpublished results obtained in this laboratory show that the maximum velocities of water influx in Table I are higher than the maximum velocities of water influx through unit epidermal surface of hairless onion roots under similar conditions. In a statement in which Danielli refers to experiments by Gross, who had studied water loss from the protoplast of a diatom (Ditylum brightwelli) upon transferring it from sea water to isotonic NaC1, he (3, p. 122) states: "from unpublished results of Gross it has been calculated that the water loss may be as high as 2#* per ~2 per see., a remarkably high rate." Some interesting comparable data are provided by Adolph (1, p. 199) in a table which gives rates of "water turnover" and body volume in various aquatic species of animals. He defines rates of water turnover as the total amounts of water gained and lost again in a unit period of time. Data are given from various sources and include data on protozoa. For protozoan organisms the body volumes listed vary from 0.2 X 10-* mL (Lemlrus) to 11 X 10 ~ ml.
(Frontonia) and rates of water turnover in per cent of body volume per hour vary from 2500 for Lembus to 14 for Frontonia. On a similar comparative basis the rates of water turnover calculated from data in Tables I and II vary from 6600 per cent of hair volume per hour for the youngest hair (280 microns long, root k) to 730 per cent per hour for the oldest (2300 microns long, root b). On this basis, it may be said that the speed of transfer of water through radish root hairs is unusually high. Protozoa which are equipped with contractile vacuoles are considered to be very efficient mechanisms for water transfer. It would seem that on a comparative basis, as indicated above, root hairs are also efficient mechanisms for water transfer. Considering the fact that a root hair has a very large surface in proportion to its volume the speed of water turnover in a root hair may not be so surprising.
Landis (9) found that the rate of fluid movement through blood capillary walls was approximately 1.8/~ 3 per square micron of capillary wall per minute for a difference of 5 cm. water pressure. The highest rate in Table I shows that in young hairs the influx of water was over 4/~ 3 per square micron of hair surface per minute but the so called "driving force," is unknown. However, on a comparative basis the data indicate very rapid entry, pointing to the possibility of membranes of high "porosity" or to large driving forces, or both.
If so, what are the "driving forces?" And what mechanism is altered during anoxia, for it has been found (13) that when radish seedlings are subjected to oxygen lack, reversible reduction of water influx into the hairs takes place during comparatively short periods of anoxia but when anoxia is prolonged, cessation of water influx occurs? SUMMARY A micropotometric device previously described by the writer was used to determine quantitatively the velocity of water influx in cubic microns per square micron of hair surface per minute of comparatively older and younger root hairs of radish seedlings in a humid atmosphere at 29 ° -¢-I°C. when the micropotometers werefiUed with Hoagland solution at plI 6.8. In each experiment, measurements were made on two hairs of different length and different age on a given root and the hairs were inserted into the micropotometers a sufficient distance so that the area of immersion, 13,20(02, was the same in each instance.
The range of velocities of water influx through the immersed surface was 4.46 to 1.16~3/~2/min. for the younger and shorter hairs which varied in length from 280 to 460 microns. The range of velocities of water influx through the immersed surface of the older hairs which varied from 661 to 2300 microns in length was 1.94 to 0.47u3/~2/min. The data indicate that water entry slows down in older hairs independent of root length.
Estimations were made of the times to replace hair volumes based upon the mean velocities of water entry of the immersed areas. It was found that the time for the hairs to absorb an amount of water equivalent to their own volumes under the conditions specified was a matter of minutes or less; the range was 0.90 to 8.51 minutes.
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